Biosynthesis of cephalosporin C. Appl. Microbiol. 10:321-325. 1962.-The superiority of D-methionine over Lmethionine for stimulation of cephalosporin C synthesis in a crude medium was confirmed. The optimal level of DL-methionine was 0.5 %. Methionine stimulates growth slightly but this is not thought to be the cause of the marked stimulation of antibiotic synthesis. Of a large number of sulfur compounds tested, only DL-methionine-DLsulfoxide and S-methyl-L-cysteine showed considerable methionine-replacing activity. Lysine and a-aminoadipic acid were inactive.
The discovery of cephalosporin C by Newton and Abraham (1955) created intense interest in the field of chemotherapy because of the resistance of the antibiotic to staphylococcal penicillinase. Cephalosporin C is also of interest biogenetically, as it represents the first naturally occurring antibiotic which is structurally related to the penicillin group without actually being a member of this family (Abraham and Newton, 1961) . All penicillins contain the 6-aminopenicillanic acid nucleus to which an acid group is attached as a side chain. Cephalosporin C, on the other hand, possesses the 7-aminocephalosporanic acid nucleus and a side chain of D-a-aminoadipic acid. The nucleus renders the molecule stable to penicillinase.
Cephalosporium sp. strain CMI 49137 produces cephalosporin C and at least two other antibiotics, also called cephalosporins but which do not have the 7-aminocephalosporanic acid nucleus (Abraham, 1957) . One of these, "cephalosporin" N, is a true penicillin and is identical with synnematin B (Olson et al., 1954) . It is composed of a 6-aminopenicillanic acid nucleus and a D-a-aminoadipic acid side chain. Since it lacks a nucleus of 7-aminocephalosporanic acid, it is confusing to continue to call this antibiotic a cephalosporin. We shall refer to it as penicillin N (Fig. 1) . The other antibiotic is cephalosporin P, which has a steroid-type structure and which is completely unrelated to the other two. Since its structure is not yet completely known, we shall refer to it as "cephalosporin P. " Our interest in cephalosporin C centers around the nutritional requirements for its biosynthesis, especially its methionine requirement. We have concentrated initially on two concurrent approaches. One is the study of its formation in a crude medium and is the subject of the present paper. The other is an attempt to devise a chemically defined medium for growth and production of cephalosporin C. Our work on this synthetic medium will be described in a subsequent publication.
MATERIALS AND METHODS
Cultutre. The strain of Cephalosporium sp. used was mutant 8650, a derivative of strain CMI 49137. The mutant was obtained from the National Research Development Corp., London, England, and was preserved in the lyophilized state. Each month, a lyophile tube was opened, the contents diluted in sterile water, and grown for 3 weeks on slants of Czapek-Dox agar modified by the use of 5 % lactose instead of 3 % sucrose. This modification was found by M. Jackson to increase formation of conidia. The growth temperature used for this and all other stages of our work was 28 C. Slants were stored at 4 C until used.
Inoculum. The growth from each slant was scraped off the agar with 3 ml of sterile water. Erlenmeyer flasks of 250 ml capacity containing 40 ml of seed medium were inoculated with 1 ml of this suspension. The seed medium was essentially the same as medium A developed at the Antibiotic Research Station, Medical Research Council, Clevendon, England (G. A. Miller, personal communication) . It contained 1.1 % corn steep solids, 0.44 % ammonium acetate, and 2 % sucrose (pH 7.2 before autoclaving). The flasks were incubated on a rotary shaker at 220 rev/miil for 3 days.
Production. The medium used for the production of cephalosporin C was a modification of medium B of the Clevendon group (G. A. Miller, personal communication) . The changes were instituted in Rahway by L. E. McDaniel and C. Hlavac. The modified medium contained (by weight) 1 % meat extract, 1 % fish meal, 0.25 % corn steep solids, 0.2 % ammonium acetate, 3.6 % sucrose, 0.9 % glucose, and 0.05 % DL-methionine. The basal medium of our studies was this medium less methionine. Production was carried out in duplicate in 250-ml Erlenmeyer flasks containing 40 ml of autoclaved medium and 1 ml of the inoculum described above. Higher inoculum concentrations were not beneficial. The flasks were shaken on the rotary shaker for 4 to 6 days before assay.
Assay of cephalosporin C. Assay of penicillin N. For these assays, penicillinase was omitted from the agar. Standard curves were constructed using a penicillin N preparation, the purity of which was determined by the hydroxylamine assay (Boxer and Everett, 1949) . The values for the broths had to be corrected for the contribution of cephalosporin C to the zone size. It was found that penicillin N was 6.8 times more active in the absence of penicillinase than was cephalosporin C. To correct the values, the concentration of cephalosporin C in the broth was divided by 6.8, and this figure was subtracted from the raw penicillin N assay to give the corrected concentration of penicillin N.
Sugar determinations. Sugar concentrations were determined automatically by use of the Technicon Auto Analyzer (Technicon Instruments Corp., Chauncey, N. Y.). Total sugar concentration was assayed by hydrolyzing 1 ml of filtered broth with 2 ml of 1 N H2SO4 for 30 min in a steam bath, neutralizing, and analyzing the solution in the Auto Analyzer. The assays for reducing sugar were done on unhydrolyzed samples. Sucrose concentrations were obtained by subtraction of the reducing- sugar values from the total sugar assays. The procedure employed in the automatic analysis was based on the potassium ferricyanide-potassium ferrocyanide oxidationreduction reaction (Technicon Instruments Corporation, 1959 Mlycelial dry weight. Whole broth samples were filtered through Whatman no. 1 paper discs on Biuichner funnels. The mycelia were washed with 100 ml of water, dried overnight at 95 C, and weighed. All values were corrected by subtracting the weight of dry solids present at zero time.
Crystalline cephalosporin C. The cephalosporin C standard used for assay was supplied by T. Jacob and E. Inamine.
RESULTS
Methionine stimulation. At the start of the investigation, we were informed by G. A. Miller of the Antibiotic Research Station at Clevendon that methionine stimulated production of both cephalosporin C and penicillin N by mutant 8650 and that the D isomer was more active than the L form. It had been reported earlier that synthesis of penicillin N by the original parent strain, Cephalosporium sp. CMI 49137, was increased by D-methionine (Miller, Kelly, and Newton, 1956; Kavanagh, Tunin, and Wild, 1958) . Confirmation of the methionine effect on cephalosporin C synthesis was obtained (Table 1 ). Penicillin N formation was also markedly increased by methionine. The Clevendon workers noted the production of approximately 100 Ag/ml cephalosporin C in their medium, which contained 0.05 % DL-methionine. Under our conditions, a similar concentration of antibiotic was produced at this level of methionine, but it was found that increased methionine concentrations up to 0.5 % led to increased cephalosporin C titers. Further studies showed that 1 %o DL-methionine gave no further increase, and 2 %o was toxic to production. D-Methionine was also optimal at 0.5 %o and toxic at 1 %. L-Methionine continued to show stimulation up to 1 %, the highest concentration tested in any of our experiments. Paper chromatographic analysis showed that the antibiotics produced in the presence and absence of methionine were the same, namely, cephalosporins C and P and penicillin N.
Components of the production medium. With the exception of ammonium acetate, all the components of the basal medium plus methionine were found to be required for optimal production. Their order of decreasing importance as determined by a deletion experiment was methionine > sucrose > corn steep > fish meal = meat extract > glucose.
Effect of time. The changes which took place during a production experiment are illustrated in Fig. 2 Effect of methionine on, growth. Methionine slightly stimulated the growth of the culture (Table 2) . However, the lack of any strict correlation between growth stimulation and cephalosporin C synthesis suggests that the growth increase is not the reason for the marked effect of methionine on antibiotic synthesis.
Specificity of methionine stimulation. In a series of experi ments, several sulfur-containing compounds were tested as methionine replacements for synthesis of cephalosporin C. In each experiment, similar concentrations of methionine were included as positive controls. Those which showed absolutely no effect included DL-plus allo-cystathionine, N-acetyl-DL-methionine, sodium thioglycolate, L-taurine, sodium sulfite, L-cysteic acid, ethyl mercaptan, 6-mercaptopurine, S-ethyl-DL-cysteine, S-ethyl-L-cysteine, DL-methionine-DL-sulfoximine, and DL-methionine sulfone. Another group of sulfur compounds showed an enhancement of activity over that produced in the basal medium but failed to approach the activity of methionine. A typical example is shown in Table 3 . The activity of inorganic sulfate in this regard indicated that there was a sulfur deficiency in the basal medium which could be satisfied by this group of compounds. In addition to L-cysteine HCl, L-cystine, DL-cystine, DL-homocysteine, DL-homocystine, and Na2SO4, this group included glutathione, thiourea, DLlanthionine, and a-methyl-DL-methionine. It was obvious from these experiments that methionine was supplying more than just sulfur for cephalosporin C synthesis.
Sulfur-containing vitamins (lipoic acid, biotin, and pantetheine) were tested at microgram levels and were inactive. Likewise, vitamin B12 had no activity. Nonsulfur compounds which failed to enhance activity included DLca-aminoadipic acid, L-lysine, DL-lysine, L-arginine, adipic acid, and DL-a-amino-n-butyric acid. 
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Only two compounds show-ed considerable activity as replacements for methionine. These were DL-methionine-DL-sulfoxide and S-methyl-L-cysteine (Fig. 3) . The sulfoxide wAas almost as active as D)L-methionine; S-methyl-Lcysteine was less potent and resembled the activity of L-methionine. No S-methyl-DL-cysteine or S-methyl-Dcysteine was available for testing.
The methionine analogue, ethionine, failed to stimulate production of cephalosporin C. When added in the presence of 200 mg of methionine per 40 ml of medium, an equal lexel of ethionine inhibited production of the antib)iotic. 
DIscussIoN
The requirement of methionine for maximal synthesis of cephalosporin C presents an intriguing problem. The immediate question is whether its role is connected with biosynthesis of either the side chain or the 7-aminocephalosporanic acid nucleus. Studies on the biosynthesis of benzylpenicillin (for review, see Demain, 1959) have shown that the rate-limiting step is side-chain addition, and thus the presence of phenylacetic acid in the medium markedly stimulates antibiotic synthesis. Kavanagh et al. (1958) postulated that the role of D-methionine in penicillin N formation is that of a precursor of the D-a-aminoadipic acid side chain. They stressed the fact that both compounds possess the D configuration and the structures of the terminal four carbon atoms are the same. However, certain observations speak against such a simple relationship. Fiirst of all, DL-a-aminoadipic acid itself fails to stimulate penicillin N or cephalosporin C production. Secondly, other compounds containing this same four-carbon unit are inactive: namely, homocysteine, homocystine, cystathionine, and a-aminobutyric acid. Finally, we have found the L forms of methionine and S-methyl-eysteine to be quite active for cephalosporin C formation, although they are not as potent as D-methionine. Thus, the superiority of D-methionine might merely be due to a slower assimilation by the cell, allowing it to be available over a longer period of time.
If we consider methionine acting as a precursor of 7-aminocephalosporanic acid, it appears that its role is more than that of a source of sulfur. It was clearly superior to many other sulfur compounds, including cysteine and sulfate, which showed mild stimulation of cephalosporin C production. L-Cysteine is a known precursor of the nucleus of benzylpenicillin. It is conceivable that cysteine acts similarly in the pathway of cephalosporin C biosynthesis despite its relatively weak action as an additive. Its low activity might be due to its oxidation to the extremely insoluble cystine molecule. If this is the case, how then could methionine affect the intracellular concentration of eysteine? Although methionine can be converted to cysteine sulfur in microorganisms (Lampen, Roepke, and Jones, 1947b; Hockenhull, 1949) , this pathway passes through homocysteine and cystathionine. Since both compounds failed to replace methionine for synthesis of cephalosporin C, it is improbable that methionine is serving mainly as a source of cysteine sulfur. Perhaps the effect of methionine is conneeted with its action as a repressor of its own biosynthesis, as occurs in E. coli (Rowbury and Woods, 1961a, b) . In this bacterium, the presence of methionine in the growth medium inhibits the formation of cystathionase and homocysteine methylase, the enzymes involved in the last two steps of methionine biosynthesis. Cystathionase, in addition to its action on eystathionine, appears to be able to attack eysteine, producing pyruvate. Repression of the formation of such an enzyme could conceivably allow maintenance of the intracellu- The specificity of the methionine requirement is quite narrow, as only two other compounds were found to be active, DL-methionine-DL-sulfoxide and S-methyl-L-cysteine. The sulfoxide was almost as potent as DL-methionine and was probably converted to the latter. Methionine sulfoxide is known to replace methionine for bacterial growth (Lampen, Jones, and Perkins, 1947a; Shockman and Toennies, 1954) , and E. coli can reduce the sulfoxide to methionine (Sourkes and Trano, 1953) . S-methyl-Lcysteine, which was about as active as L-methionine, can support the growth of certain methionine-less mutants of Neurospora crassa and is present in extracts of the wild type (Ragland and Liverman, 1956; Wiebers and Garner, 1960) . Since cysteine was inactive for these N. crassa mutants, S-methyl-L-cysteine evidently acted as a source of methionine, not cysteine. Both of these groups of workers have postulated that S-methyl-cysteine donates its thiomethyl group to homoserine to produce methionine. Such a pathway would be used by those organisms in which the conventional cystathionine pathway does not seem to be of major importance (Wiebers and Garner, 1960) .
